Hui Wan, a traditional Chinese herbal medicine used as therapy for chronic myelogenous leukemia (CML). In clinical studies, indirubin seldom caused major side-effects. However, the functional effect of indirubin on acute lymphoblastic leukemia (ALL) is unclear. Therefore, we investigated the effects of indirubin-3'-monoxime (I3M) on the ALL cell line JM1 and the CML cell line K562 (control). The anti-leukemia effects and mechanisms of I3M were similar on ALL and CML cells. I3M significantly and dose-dependently decreased cell viability. The G2/M cell cycle phase was arrested and the sub-G1 proportion was relatively increased. In addition, caspase-3 activation led to poly(ADP-ribose) polymerase (PARP)-1 cleavage and the progression of apoptosis. Notably, I3M induced autophagy. However, I3M had no effect on necrosis in either cell line. We specifically found that I3M only marginally affected the survival of primary mature lymphocytes, and was not cytotoxic to granulocytes. Since I3M induced apoptosis and autophagy in human lymphocytic leukemia cells and caused few side-effects in healthy lymphocytes and granulocytes, I3M may be useful for clinical anti-ALL therapy.
Introduction
The current clinical treatments for adults with acute lymphoblastic leukemia (ALL) yield positive initial responses, but treatment-related mortality (TRM) is common and the risk of a relapse is relatively high. The cure rate of adult ALL scarcely exceeds 40%, and TRM is between 5 and 10% (1) . Long periods of hospitalization and serious morbidity for ALL are common. Leukemic relapse in adult ALL remains a major therapeutic problem, and it has no suitable salvage therapy with low side-effects, not even hematopoietic stem cell transplantation, which produces both short-and long-term toxicity (2, 3) . It is, therefore, critical to develop new therapeutics for adult ALL treatment.
Indirubin is the active ingredient of Dang Gui Long Hui Wan, from a mixture of herbal medicines customarily used in traditional Chinese medicine to treat chronic myelocytic leukemia (CML) (4) . Clinical trials in China (5, 6) showed that indirubin causes almost no toxicity in the liver, kidneys, or bone marrow. It has also been reported that the indirubin derivative acts a potent inhibitor of cyclin-dependent kinases (CDKs) such as CDK1 and CDK2 (4, 7, 8) . The indirubininduced arrest of the G1 or G2/M phase of the cell cycle in a variety of cultured cell types, including chronic leukemia cells (K562), has also been studied (4, 9, 10) . Additionally, indirubin and its derivatives induce apoptosis in a variety of human tumor cells: breast cancer (7, 11) , melanoma (12, 13) , oral-area carcinoma (9, 10, 14) , lung cancer (10) and promyelocytic leukemia (HL-60) (15) cells. Nevertheless, the functional effect of indirubin on ALL remains unknown.
In the present study, we specifically focused on the cytotoxicity of indirubin-3'-monoxime (I3M) and its mechanism of cell death in B cell lymphoblast leukemia cells and chronic myeloid leukemia cells. We also investigated the hematotoxicity of I3M by analyzing the survival of normal human granulocytes and lymphocytes. The primary lymphocytes and the granulocytes were cultured in RPMI-1640 medium (Gibco/Invitrogen) supplemented with 10% FBS, 2 mM L-glutamine and penicillin (100 U/ml) streptomycin (100 µg/ml) (Gibco/Invitrogen) at 37˚C in an atmosphere of 5% CO 2 in air.
Materials and methods

Isolation
Cell viability assay. The inhibitory effect of I3M on cell viability was determined using a WST-1 colorimetric assay (Roche Diagnostics, Mannheim, Germany). The assay was set up in 96-well culture plates with triplicate wells for each experimental condition. JM1 cells (1x10 5 /well) and K562 cells (3x10 4 /well) were treated with a series of concentrations of I3M (7.5-35 µM) for 24 and 48 h. WST-1 was then added to each well and the cells were incubated for 2 h at 37˚C in the dark. This assay is based on the conversion of the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-sulfophenyl)-2-tetrazolium by mitochondrial dehydrogenase to a formazan product. The absorbance at 450 nm was measured using a microplate reader. Cell viability is expressed as a percentage of population growth with a standard deviation (SD) relative to that of untreated control cells. For apoptotic analyses, the cells were incubated with benzyloxycarbonyl-Val-Ala-Asp-(OMe)-fluoromethylketone (Z-VAD-FMK) (Sigma-Aldrich) for 1 h prior to I3M treatments.
Cell cycle analysis. K562 and JM1 cells were treated with 10 or 20 µM of I3M for 24 or 48 h. After washing with PBS, the cells were fixed in cold 70% ethanol at 4˚C for 6 h, centrifuged at 300 g for 10 min, and then stained in PBS containing 40 µg/ml of propidium iodide (PI) (Sigma-Aldrich) and 100 µg/ml of RNase A (Invitrogen) for 30 min at room temperature. The flow cytometer was used for cell cycle analysis. The histogram of the cell cycle distribution was then analyzed (ModFit LT; Verity Software House, Topsham, ME, USA). The percentage of cells in the subdiploid region (sub-G1) represented cells undergoing apoptotic DNA fragmentation.
Activity of caspase-3 assay. Analysis of the enzymatic activity of caspase-3 in K562 and JM1 cells was carried out using a caspase-3/CPP32 colorimetric assay kit (BioVision, Mountain View, CA, USA). K562 (3x10 5 /ml) and JM1 (1x10 6 /ml) cells were treated with or without various concentrations of I3M for 48 h, and were then centrifuged. Chilled cell lysis buffer (50 µl) was added to the cell pellet, which was then incubated on ice for 10 min. After the protein concentration had been analyzed, an additional 100 µg of protein was mixed with 2X reaction buffer and DEVD-p-nitroanilide (pNA) substrate. The incubation was carried out at 37˚C for 2 h. This assay was based on detecting the chromophore pNA after it had been cleaved from the labeled substrate DEVD-pNA. pNA light emission was quantified using a microtiter plate at 405 nm. The activity of caspase-3 in I3M-treated cells was determined comparing their absorbance values with those of untreated control cells.
Assessing cell necrosis. After K562 cells (3x10 4 ) and JM1 cells (1x10 5 ) had been incubated with or without various concentrations of I3M for 24 or 48 h, their necrotic cell death was quantitatively measured by releasing lactate dehydrogenase (LDH) into the culture supernatants (CytoTox 96 ® Non-Radioactive Cytotoxicity Assay kit; Promega, Madison, WI, USA). During the loss of membrane integrity and cell necrosis, LDH expression increased. The culture supernatants (50 µl/well) were transferred to an enzymatic assay plate, mixed with reconstituted substrate, and then incubated for 30 min at room temperature in the dark. After stop solution had been added, the absorbance was recorded at 492 nm. Maximal LDH release occurred after the control cells had been lysed for 45 min at room temperature.
Western blotting for LC3-II formation, PARP-1 cleavage, and beclin-1 antibody expression. JM1 and K562 cells were treated with or without I3M for 24 and 48 h. To assess the protein expression, the whole cell extract was harvested in lysis buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and a protease inhibitor mixture) on ice for 20 min. Following centrifugation, the protein concentration was analyzed using a BCA assay (Thermo Fisher Scientific, Fremont, CA, USA), and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After the whole cell extract had undergone western blotting, the SDS-PAGE PVDF membrane was blocked with antibodies against LC3 (Novus Biologicals, Littleton, CO, USA), PARP-1/2 (H-250), or beclin-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and then incubated with secondary antibodies: anti-goat IgG antibody or anti-rabbit IgG antibody (Jackson ImmunoResearch, West Grove, PA, USA). Actin or α-tubulin (Sigma-Aldrich) was used as an internal control.
Statistical analysis. Each experiment was repeated at least 6 times. Data are the means ± SD. Single values represent the mean optical density (OD) value of triplicate cultures and are given as a percentage of the control (= 100% proliferation). A two-tailed Student's t-test was used for statistical analysis.
Results
I3M is cytotoxic and decreases cell viability in ALL and CML cells.
A WST-1 assay of cell viability was used to determine whether I3M is cytotoxic to JM1 (ALL) cells. Differences in the antitumor effects of I3M were compared in JM1 cells and K562 (CML) cells. I3M significantly dose-dependently reduced cell viability in JM1 and K562 cells (Fig. 1) . At 48 h, the 50% inhibitory concentration (IC 50 ) value of I3M against JM1 and K562 cells was below 20 µM. The 48-h treatment was more cytotoxic than the 24-h treatment, particularly in JM1 cells.
I3M arrests human JM1 and K562 cells in the G2/M phase of the cell cycle.
To assess the effect of I3M on the cell cycle, JM1 and K562 cells that had been treated with 10 or 20 µM I3M for 24 and 48 h were analyzed. Cell cycle analysis showed that I3M preferentially arrested JM1 and K562 cells in the G2/M phase (Fig. 2) .
I3M induces apoptosis in JM1 and K562 cells. The increasing
proportions of JM1 and K562 cells in the sub-G1 phase particularly indicated that I3M induced apoptotic cell death, which increased with time and concentration in both types of leukemia cells (Fig. 2) . Since caspase-3 activation is involved in apoptosis, we next assessed the activation of caspase-3 in I3M-treated JM1 and K562 cells. Dose-dependent activation of caspase-3 was detected in both JM1 and K562 cell types (Fig. 3A) . In addition, I3M triggered the proteolytic cleavage of PARP-1, a signature event during apoptosis, particularly after 48 h in cells treated with 20 and 30 µM of I3M (Fig. 3B ). This suggests that I3M caused apoptosis. However, when we added the pan-caspase inhibitor Z-VAD-FMK to I3M-treated cell cultures, I3M-induced cell death was only partially inhibited (Fig. 3C) .
I3M does not induce cell necrosis in JM1 or K562 cells.
To clarify the data presented in Fig. 3C , we examined whether I3M induced a type of cell death other than apoptosis. Therefore, we analyzed the effect of I3M on cell necrosis. The results showed that even after a high dose of I3M (35 µM), the amount of LDH released into the culture medium by JM1 and K562 cells was significantly lower than that released by the positive controls (Fig. 4) .
I3M induces autophagic cell death in JM1 and K562 cells.
We next investigated whether I3M induced autophagy. LC3-II formation dose-dependently increased in JM1 and K562 cells 24 and 48 h after treatment (Fig. 5) ; however, the expression of beclin-1, the other autophagy-related protein, did not.
I3M marginally induces cytotoxicity in primary lymphocytes, but not in primary granulocytes.
Primary lymphocytes and granulocytes isolated from human peripheral blood were treated with the indicated concentrations of I3M. Cytotoxicity was evaluated using a WST-1 assay. The cell viability of primary lymphocytes treated with the IC 50 value (20 µM) of I3M were only marginally affected; 24-h treatment was 73.9±5.1% and 48-h treatment was 65.9±9.3% (Fig. 6A) , and that of granulocytes was not significantly affected. Increasing the concentration of I3M to 35 µM and prolonging the treatment time to 48 h did not induce cell death (Fig. 6B) . 
A B C D Discussion
In the present study, we found that I3M dose-dependently increased cell death in human ALL JM1 cells and human CML K562 cells. These effects on cell viability included cellcycle arrest and the induction of apoptosis and autophagy. Previous studies have shown that several indirubin derivatives lead to significant G2/M cell-cycle arrest. One study (4) reported that I3M suppressed K562 cell proliferation by inducing the arrest of cell development in the G2/M phase, which supports our observation that I3M significantly induced a G2/M phase arrest in JM1 and K562 cells. Moreover, the cellcycle results showed an increasing sub-G1 population, and, with the caspase-3 activation, demonstrated a dose-dependent induction of apoptosis. In general, during apoptosis, caspase-3 activation leads to PARP fragmentation and cleavage. We also found PARP-1 cleavage in the present study. After using the pan-caspase inhibitor Z-VAD-FMK to block caspase activation, I3M-induced cell death was only slightly reduced. This suggested that, in addition to apoptosis, I3M induces cell death using other mechanisms as well.
There are at least three types of cell death: necrosis, apoptosis and autophagy (16) . Most studies have indicated that indirubin induces apoptosis in diverse cancer cells. However, Ribas et al (17, 18) showed that 7-bromoindirubin-3'-oxime, an indirubin analog, triggered caspase-independent cell death, 
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i.e., a specific type of necrotic cell death. In the present study, however, we found that I3M did not induce necrotic cell death in leukemia cells.
Autophagy is caspase-independent programmed cell death (19) . Microtubule-associated protein 1 light chain 3 (LC3), an autophagosomal ortholog of yeast Atg8, is a novel marker for autophagy. LC3-I is localized in the cytoplasm, whereas LC3-II aggregates on the membrane of autophagosomes (20, 21) . Indeed, we found in I3M-treated ALL cells and CML cells the first evidence of the typical phenomenon of autophagy, i.e., significant upregulation of LC3-II formation.
Autophagy may trigger the upregulation of beclin-1, since beclin-1 is involved in the formation of autophagosomes (22) . Compared with untreated cells, beclin-1 expression was not significantly upregulated in I3M-treated JM1 and K562 cells in the present study. Nonetheless, autophagy occurs independently of beclin-1 (23) (24) (25) (26) , which suggests that I3M-induced autophagy might also not affect beclin-1 expression. Future studies are required to confirm this hypothesis.
Patients with leukemia produce an abnormal number of leukocytes. When clinical therapy decreases the number of granulocytes and healthy lymphocytes in the blood, it often leads to serious infection and mortality. Therefore, clinical cancer therapy must be as non-cytotoxic as possible to healthy leukocytes, particularly for leukemia therapy. PHA-stimulated peripheral blood lymphocytes are dose-dependently sensitive to I3M treatment (27) ; however, I3M is cytotoxic to unstimulated lymphocytes only in high doses. These data do not conflict with our findings. Consequently, lymphocyte viability was only marginally affected in the present study. Due to their innate immunity, granulocytes are central in defending the host from infection by other organisms. This is the first study of the effects of I3M on healthy primary granulocytes. The dose of I3M that we used had no cytotoxic effect on granulocytes.
In conclusion, we showed that I3M was cytotoxic to K562 and JM1 cells, and that it had no significant effect on the cell viability of primary lymphocytes and granulocytes. This finding might provide a first step for clinical trials with lowlevel side-effects in ALL treatment.
